Maintaining wakefulness is associated with a progressive increase in the need for sleep. This phenomenon has been linked to changes in synaptic function. The synaptic adhesion molecule Neuroligin-1 (NLG1) controls the activity and synaptic localization of N-methyl-Daspartate receptors, which activity is impaired by prolonged wakefulness. We here highlight that this pathway may underlie both the adverse effects of sleep loss on cognition and the subsequent changes in cortical synchrony. We found that the expression of specific Nlg1 transcript variants is changed by sleep deprivation in three mouse strains. These observations were associated with strainspecific changes in synaptic NLG1 protein content. Importantly, we showed that Nlg1 knockout mice are not able to sustain wakefulness and spend more time in nonrapid eye movement sleep than wild-type mice. These changes occurred with modifications in waking quality as exemplified by low theta/alpha activity during wakefulness and poor preference for social novelty, as well as altered delta synchrony during sleep. Finally, we identified a transcriptional pathway that could underlie the sleep/wake-dependent changes in Nlg1 expression and that involves clock transcription factors. We thus suggest that NLG1 is an element that contributes to the coupling of neuronal activity to sleep/wake regulation.
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ChIP | EEG | gene expression | sleep homeostasis | synaptic plasticity S leep is crucial for learning, memory, and other functions essential for proper functioning of the brain and body (1, 2) . These functions have been associated with the sleep recovery process, which defines a level of pressure for sleep that increases with wakefulness and dissipates during sleep and that is reflected by changes in sleep intensity (3, 4) . Sleep intensity is indexed by electroencephalographic (EEG) markers of neuronal synchrony in delta frequencies (1-4 Hz) measured during nonrapid eye movement (NREM) sleep (5) . During wakefulness, mechanisms favoring desynchrony in the delta range predominate, and the brain can maintain cognition, whereas during sleep, events promoting network synchrony mostly take place with high delta activity thought to be permissive of recovery (3, 6) . The sleep recovery process has been hypothesized to originate and contribute to the maintenance of both synaptic and network equilibrium (6) (7) (8) . This notion is supported by the observation that specific plasticityrelated genes may be directly involved in regulating sleep need (9) . Certain clock genes may also directly contribute, in a circadian-independent manner, to the sleep recovery process (5, 9) . However, the mechanisms underlying the capacity and requirement of the brain to switch from an alert desynchronized state to an unconscious synchronized state remain elusive.
Glutamate, the main excitatory neurotransmitter of the brain, can induce long-term modifications of synaptic transmission and, thus, changes in network connectivity. This is achieved mainly via glutamate's action on two types of receptors: N-methyl-D-aspartate (NMDAR) and α-amino-3-hydroxy-5-methylisoazol-4-propionate (AMPAR) (10, 11) . The balance between the activity of these receptors was proposed to determine neuronal firing synchrony (12, 13) , with high NMDAR activity associated with desynchrony reminiscent of active wakefulness and low NMDAR linked to synchrony, similar to intense NREM sleep (14) . Also, prolonged wakefulness achieved by sleep deprivation (SD), which triggers intense sleep, decreases NMDAR function and NMDAR-dependent forms of plasticity (15) (16) (17) . It can thus be hypothesized that high glutamate transmission during wakefulness and rapid eye movement (REM) sleep (18) gradually desensitizes NMDAR and changes the balance in favor of AMPAR transmission, which would lead to high delta synchrony during NREM sleep. During NREM sleep, lowered glutamate transmission (18) may help recover NMDAR function, which would gradually dissipate high neuronal synchrony/sleep intensity. In this scenario, elements regulating NMDAR functioning are of unique relevance to the sleep recovery process.
Neuroligin-1 (NLG1) is a postsynaptic adhesion molecule localized at glutamatergic and GABAergic synapses with a prominent preference for the former (19, 20) . At glutamatergic synapses, NLG1 determines the number of functional NMDAR (21) (22) (23) and is required for normal expression of NMDAR-dependent plasticity (23, 24) . Also, the synaptic level of NLG1 is down-regulated by neuronal activity (25) , its absence impairs spatial and associative fear memory (24, 26) in a way similar to SD, and SD seems to decrease Nlg1 mRNA expression (27) . Therefore, through its response to neuronal activity and role in regulating glutamate transmission, NLG1 is a potent candidate to modulate both the deleterious consequences of sleep loss and the sleep/wakedependent changes in sleep intensity. We indeed found that elevated sleep pressure changes not only the expression of specific Nlg1 transcript variants, but also the synaptic NLG1 level, and we identified a transcriptional pathway involving core clock transcription factors that likely contributes to these changes. Importantly, we revealed that these changes can directly regulate the duration and quality of wakefulness and sleep using EEG recording in mice lacking NLG1.
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Results
Nlg1 Expression Is Changed by Sleep Deprivation. A role for NLG1 in the sleep recovery process may imply that its expression would track wakefulness duration. We thus measured the effect of SD on the expression of Nlg1 in two inbred mouse strains, C57BL/6J (B6) and AKR/J (AK), showing different degrees of delta power rebound following SD (28). This was quantified for different Nlg1 transcript variants because those were shown to change NLG1 properties (29) . We used five probes targeting the following: insert in splice site A, absence of insert in splice site A, insert in splice site B, absence of insert in splice site B, and a sequence common to all variants (Fig. 1A) . A 6-h SD starting at light onset significantly decreased the forebrain expression of Nlg1 with insert B and of the common probe in both strains (Fig.  1B) . This decrease was already observed after SD of shorter durations (i.e., 1 and 3 h) and seemed to restore after 2 h of recovery sleep (Fig. S1 ). In AK mice only, the expression of Nlg1 with insert A was significantly increased by SD (Fig. 1B) .
To verify that the SD-dependent changes in Nlg1 expression were not due to the associated surge in corticosterone, which importantly contributes to the SD-induced changes in brain transcriptome (9) , expression was also measured in the mouse strain showing the larger surge in corticosterone with SD, DBA/ 2J (D2) mice, submitted to adrenalectomy (ADX) or sham lesion (9) . In both ADX and sham mice, and similar to B6 and AK mice, SD significantly decreased the expression of Nlg1 with insert B and of the common probe (Fig. 1C) . Moreover, a decrease in Nlg1 without insert A was found for ADX and sham D2 mice. These results indicate that elevated sleep pressure decreases the expression of Nlg1 containing an insert B (and likely no insert A) in various mouse strains and that this effect is independent of the corticosterone surge associated with SD.
Synaptic NLG1 Level Is Modified by Sleep Deprivation. As changes in mRNA expression do not necessarily translate into changes in protein levels (30), we assessed the effect of a 6-h SD on the forebrain expression of total and synaptoneurosomal (SN) NLG1 protein content in B6 and AK mice. This was quantified for the anterior and the posterior forebrain separately, with the hypothesis that changes would predominate in the anterior area, which is largely activated by extended wakefulness (31) . In both strains, SD did not affect the total NLG1 level in forebrain areas anterior or posterior to the bregma or the SN level in the posterior forebrain ( Fig. 2 B and D) . However, in the anterior forebrain, SD significantly decreased SN NLG1 in B6 mice ( Fig. 2 A and B) , whereas, in contrast, it increased SN NLG1 in AK mice ( Fig. 2 C and D). The antibody used recognizes the N-terminal part of NLG1 that precedes both splice sites and, therefore, does not discriminate between NLG1 isoforms. However, the SD-dependent decrease in anterior SN NLG1 in B6 is reminiscent of the effect of SD on the expression of Nlg1 with insert B (Fig. 1B) , whereas the SN NLG1 increase following SD in AK could be linked to the increase of Nlg1 with insert A, which was specific to this strain (Fig. 1B) . These data suggest that elevated sleep pressure modulates the synaptic NLG1 level in a brain area-and strainspecific fashion.
Absence of NLG1 Decreases Wakefulness Duration. To assess if the observed SD-dependent changes in Nlg1 expression and protein really contribute to sleep/wake regulation, we verified if the absence of NLG1 affects wakefulness and sleep architecture. Hence, the 24-h time course of vigilance states during undisturbed condition was measured in Nlg1 knockout (KO) mice. NLG1 protein (all isoforms) is undetectable in these mice ( Fig. S2A ) generated by replacing coding exons 1 and 2 by a neo cassette (32) . Lack of NLG1 decreased wakefulness and increased NREM sleep by more than an hour when analyzed over 24 h (Fig. 3A ). These differences were restricted to the 12-h dark period (Fig. 3A) . Heterozygous mice presented an intermediate phenotype (Fig. S2B) . Furthermore, the time course of hourly sleep/wake values revealed that Nlg1 KO mice spent more time in NREM and REM sleep during the first two-thirds of the dark period, when WT mice are usually awake, and less time asleep in the last third of the dark period, when WT mice are usually "napping" (Fig. 3B ). Because KO mice seemed to show impairment in maintaining wakefulness during the active phase, we computed the duration of individual wake bouts (Fig. 3C ). Wake-bout duration was 37.3% shorter in Nlg1 KO than in WT mice during the 12-h dark period (intermediate duration in heterozygous; Fig. S2C ). These data indicate that mice lacking NLG1 cannot sustain long bouts of wakefulness, which is accompanied by an overall decrease in wakefulness duration and an increase in NREM sleep duration.
Absence of NLG1 Modifies EEG Synchrony. To demonstrate that NLG1 is implicated in shaping neuronal synchrony during sleep/ wake states, EEG power spectra were calculated for the three states (Fig. 3D) . During wakefulness, Nlg1 KO mice showed a pronounced reduction in high delta/low theta and alpha activity (3.25-5.75 and 8.25-10.5 Hz; see Fig. S2D for heterozygous) . (B) Relative expression of Nlg1 transcripts in the forebrain of C57BL/6J (B6) and AKR/J (AK) mice at ZT6 (6 h after light onset) under the control condition (n = 4 for B6 and AK) or after a 6-h SD (n = 3 for B6, 4 for AK). SD significantly decreased the expression of Nlg1 with insert B and common Nlg1 (condition effects: F 1,12 ≥ 5.1, *P < 0.05) and increased the expression of Nlg1 with A only in AK mice (interaction: F 1,12 = 6.8, *P < 0.05: compared with Control). AK mice also expressed more common Nlg1 and Nlg1 without A and without B than B6 mice (strain effects: F 1,12 ≥ 9.8, P < 0.01). (C) Expression of Nlg1 transcripts in the forebrain of DBA/2J (D2) mice at ZT6 under the control condition or after a 6-h SD in mice submitted to either a sham surgery (n = 7/group) or an ADX (n = 6/group). SD decreased the expression of Nlg1 without A and with B (condition effects: F 1,22 ≥ 4.2, *P ≤ 0.05), and a similar tendency was found for common Nlg1 (F 1,22 = 3.7, Conversely, during NREM sleep, KO mice showed a trend (P < 0.1) for higher spectral power in the delta and sigma frequency ranges (1.75-3 and 13.75-16 Hz), both previously linked to the sleep recovery process (33, 34) . The analysis of the time course of NREM sleep delta activity (1-4 Hz) confirmed this (Fig. 3E) ; Nlg1 KO mice showed generally higher levels of delta, and this difference was most pronounced at the beginning of the light period and at the end of the dark period, when sleep pressure is usually highest (28) . EEG activity during REM sleep was unaffected by the Nlg1 mutation. These data show that NLG1 is required to maintain normal synchrony of cerebral cortex activity during wakefulness and NREM sleep.
Absence of NLG1 Impacts Recovery Sleep. To establish a role for NLG1 in the sleep recovery process, the response of Nlg1 KO mice to a 6-h SD was measured. Although KO mice were exceptionally difficult to keep awake, NREM sleep occurring during SD and latency to sleep after SD did not significantly differ from WT (Fig. 3F) . However, even if KO mice did not lose more sleep than WT mice during SD (Fig. 3F) , they could not catch up on their sleep loss to the same extent as WT during the first recovery day (Fig. 3G) . Heterozygous mice showed an intermediate impairment (Fig. S2E) . Furthermore, delta power measured during recovery NREM sleep was higher in KO compared with WT and remained higher for most of the recovery period (Fig. 3E and Fig. S2F ). Those observations reveal that the absence of NLG1 amplified the cortical synchrony response to elevated sleep need.
Markers of Sleep Need and of Plasticity in Nlg1 KO Mice. To investigate if Nlg1 KO mice express alterations in molecular markers of prolonged wakefulness, we measured, in the forebrain after SD, the expression of genes that have been associated with the sleep recovery process (9, (35) (36) (37) (38) . The expression of NMDAR subunits was also measured to evaluate the impact of the Nlg1 mutation on their transcriptional regulation during SD. The SD-dependent increase in expression in WT was equally observed in Nlg1 KO for the targets Homer homolog 1a (Homer1a), brain derived neurotrophic factor (Bdnf), and Period 2 (Per2) (Fig. S2G) (Fig. S2H) , indicating that transcriptional pathways involving these markers are not affected by the mutation. Genotype-by-time interactions were found for wake, NREM, and REM sleep (F 23,460 > 1.9, P < 0.01). Differences between KO and WT are indicated by red symbols (P < 0.05; same in D, E, and G). (C) Mean duration of wake bouts in WT and KO mice for 24 h, 12-h light, and 12-h dark periods. For the 24 h and the 12-h dark period, the duration of wake bouts was lower in KO mice than in WT (t ≥ 2.2, *P < 0.05). (D) Spectral power for the three states in WT and KO mice. (E) Forty-eight-hour time course of delta power in WT and KO mice. Genotype-by-time interactions were found for the 24-h baseline (F 17,340 = 2.3, P < 0.05) and for the 18-h recording after a 6-h SD (F 13,247 = 3.7, P < 0.05). Pink symbols indicate a trend for difference between WT and KO (P < 0.1). (F) NREM sleep measured during the 6-h SD did not differ significantly between WT and KO (t = 1.8, P = 0.08). The same was observed for loss of time spent in NREM sleep and latency to sleep after SD (t = 1.5, P = 0.15). (G) Time course of accumulated differences in NREM sleep between the 6-h SD followed by 18 h of recovery and baseline conditions. Significant genotype-by-time interaction was found (F 23,460 = 9.1, P < 0.001). Gray backgrounds indicate dark periods and black rectangles indicate the 6-h SD.
To understand the functional impact of sleep/wake modifications in Nlg1 KO, we assessed other quality indicators of the alert state. Although neurological function was preserved in KO (Fig. S3A) , we found that KO mice failed to show preference for social novelty (Fig. S3B) , similar to what was previously reported (26) . In addition, we aimed to determine if sleep/wake modifications in Nlg1 KO could be associated with changes in the cerebrovascular response to neuronal stimulation, which is known to depend on NMDAR transmission (39) . The somatosensory cortex of KO mice showed a 10% reduction in the number of responses to forepaw stimulation (Fig. S4A ) and, compared with WT, reduced oxyhemoglobin change 4 s after stimulation (Fig.  S4B) . Overall, these findings indicate that NLG1 is likely a key modulator of the relationship between waking duration, waking quality, and the response to neuronal activity.
Nlg1 Expression Is Regulated by Clock Transcription Factors. If Nlg1 has a role in regulating sleep and wakefulness, its expression should, in addition to being modulated by SD, vary with time of day as a function of the sleep/wake distribution. We indeed found that, in B6 and AK mouse forebrain, the expression of Nlg1 with insert B was significantly higher at Zeitgeber time 6 (ZT6, i.e., 6 h after light onset) than at other times of the day (Fig. 4A) . The same was observed for the Nlg1 common probe (Fig. S5) . In addition to sleep/wake-dependent changes, time-of-day-dependent expression of Nlg1 could also result from a circadian control because clock genes have been involved in shaping the dynamics of neuronal synchrony during sleep (5) . We thus examined the Nlg1 gene and noted the presence of several E-boxes (Fig. 4B) , which are cis-regulatory elements serving transcriptional control by the core clock transcription factors circadian locomotor output cycles kaput (CLOCK) and aryl hydrocarbon receptor nuclear translocator-like (Arntl) transcript variant 1 (BMAL1) (40) . As some of these sequences are conserved across species, this suggests a role for transcription factors from the clock in regulating Nlg1 expression.
Therefore, we assessed if core clock transcription factors bind to the Nlg1 gene as a function of time of day and sleep need in the mouse cerebral cortex. The binding of BMAL1 and CLOCK to one E-box located 653 bp before the Nlg1 transcription start site varied with time of day (Fig. 4C) , showing a peak at ZT6 and a trough around dark-light transition (ZT18-ZT0). This phase is similar to what we recently observed for binding to several clock genes (41) . Furthermore, and also similar to our previous data (41), we found that SD decreases the binding of those transcription factors to the Nlg1 E-box (Fig. 4D) , although the effect reached statistical significance for CLOCK only. In sum, these data imply a role for the clock molecular machinery in determining the strength of glutamatergic synapses via regulation of Nlg1 expression.
Discussion
Our study highlights the involvement of Nlg1 in bridging waking duration and quality to neuronal synchrony. We first showed that sleep pressure determines the expression of specific Nlg1 transcript variants as well as synaptic NLG1 protein content in the and CLOCK to the CACGTG of Nlg1 in B6 mouse cerebral cortex measured at ZT0, -6, -12, and -18 (n = 3/point, except n = 2 for ZT12). BMAL1 and CLOCK bind to Nlg1 in a time-of-day-dependent manner (F 3,7 ≥ 4.2, P = 0.05). (D) Binding measured at ZT6 after 6 h of SD and expressed relative to the binding in undisturbed control (n = 5/group). SD decreased CLOCK binding to Nlg1 (t = −15.1, **P < 0.001), whereas a tendency was observed for BMAL1 (t = −1.7, P = 0.17). (E ) Model showing how elevated sleep pressure may change Nlg1 expression: prolonged wakefulness could lead to detachment of CLOCK/ BMAL1 from the gene, which would decrease expression of Nlg1 with insert B and synaptic NLG1 and down-regulate NMDAR function.
forebrain. Importantly, we uncovered that the absence of NLG1 alters sleep/wake duration and EEG activity during wakefulness and NREM sleep. And finally, we found that core clock transcription factors are likely part of the mechanisms underlying the sleep/wake-dependent changes in Nlg1 expression.
Previous work showed that SD decreases the expression of several adhesion molecules (9, 37) , including Nlg1 in the mouse cerebral cortex (27) . The latter study (27) used an amplicon targeting all transcript variants although four different NLG1 isoforms exist. Indeed, NLG1 can contain (or not) inserts in splice sites A and B (29) . In line with changes observed for total Nlg1 expression (27), we observed that enforced wakefulness consistently decreased the expression of Nlg1 with insert B in three different inbred mouse strains. In addition, in B6 mice, synaptic NLG1 protein level was also decreased by SD in the anterior forebrain, which could be more representative of NLG1 with B, given the absence of changes for the other variants. Indeed, recent data indicate that neuronal activity decreases NLG1 level at the synapse (25, 42) , and our findings suggest that this decrease mainly concerns the isoform containing insert B. NLG1 with B, the expression of which in the brain prevails over isoforms lacking B (19) , is mostly localized at glutamatergic synapses and is specifically implicated in the interaction with presynaptic Neurexins (NRX) (19, 29) . Studies have shown that proper NMDAR function requires both the presence of NRX and NLG (21, 43, 44 ). Accordingly, decreased synaptic level of NLG1 with B following elevated sleep pressure may disrupt NRX-NLG1 complexes and impair glutamatergic transmission. Alternatively, decreased NLG1 after SD might also represent a neuroprotective pathway against glutamate toxicity triggered by high neuronal activity because it was recently shown to negatively feed back on presynaptic neurotransmitter release by means of NLG1 cleavage (25) . This mechanism may explain the observation of reduced neuronal loss following NMDA-induced toxicity after chronic sleep restriction (45) . We already proposed a role for sleep in neuroprotection as the expression of many transcripts involved in neuroprotection is reliably affected by sleep loss (9) .
We also established that Nlg1 expression varied with time of day, again specifically for the insert B variant in both B6 and AK mice. Time-of-day-and sleep pressure-dependent expression likely involves regulation by clock genes, which independently underlie both circadian and sleep/wake driven effects and act as modulators of synaptic function (5). We indeed found that Nlg1 gene contains E-boxes; that CLOCK and BMAL1 can bind to one of these with maximum binding during the main sleep episode; and that binding of CLOCK and BMAL1 to the Nlg1 E-box is decreased by SD in the cerebral cortex. These last two observations parallel changes in the expression of Nlg1 with B, which provide support for a transcriptional control of Nlg1 with insert B by clock transcription factors. Thus, during enforced wakefulness, prolonged high neuronal activity could decrease CLOCK/BMAL1 binding to Nlg1 Eboxes as it does for other CLOCK/BMAL1 targets (41) . This would lead to reduced expression of Nlg1 with B and NLG1 at the synapse and consequently to impaired NMDAR function (Fig. 4E) and high delta synchrony. In fact, glutamate transmission was shown to induce BMAL1 degradation (46) . During sleep, transcriptional activation by core clock transcription factors may restore the NLG1 pool at the synapse and eventually NMDAR function. In this context, we propose that the time-of-day-dependent expression of Nlg1 with B mainly reflects the short-term sleep/wake history. However, implication of CLOCK/BMAL1 could also indicate a spontaneous self-sustained circadian oscillation, and transcriptional in vitro assays combined with mutagenesis are currently being performed to delineate their exact contribution to Nlg1 transcriptional regulation.
In parallel, we showed that the effects of SD on NLG1 are isoform-and strain-dependent. SD increased the expression of Nlg1 with insert A and synaptic NLG1 level only in AK mice.
Our NLG1 antibody (20) targeted an epitope in close proximity to insert A with one overlapping amino acid, which makes it possible for this antibody to preferentially identify NLG1 with A. AK mice were shown to express the highest sleep amount and the largest increase in delta power in response to SD (47) , and our results suggest that sleep pressure differentially affects synaptic function in this strain. The presence of insert A does not affect binding of NLG1 to its NRX partners (29) , but rather seems to target NLG1 to GABAergic synapses in the absence of insert B (19) . Consequently, and specifically in AK mice, increased NLG1 with A may change inhibitory GABAergic transmission with elevated sleep need. Alternative splicing of Nlg1 may thus represent a pathway relevant to interindividual differences in the susceptibility to sleep loss.
Importantly, we reveal that changes in NLG1 with sleep pressure are linked to a functional role in sleep/wake regulation because Nlg1 KO mice showed a decrease in the overall duration of wakefulness and in the mean duration of wake bouts. These findings point to a specific implication of NLG1 in promoting and maintaining wakefulness. Reduced wake maintenance in Nlg1 KO mice is reminiscent of the observation made in mice lacking Homer1a (48), which also regulates glutamatergic transmission. Although the SD-dependent increase in Homer1a expression was not affected by the Nlg1 mutation, these observations suggest that NLG1 and HOMER1A could target similar molecular pathways in the regulation of wakefulness.
The absence of NLG1 did not only affect wake duration but also impaired wake quality because theta and alpha EEG activity during wakefulness was blunted in KO mice, which also failed to respond to social novelty. Theta/low-alpha activity during wakefulness is increased during active wakefulness, for example, during exploration, compared with quiet waking in rodents (49) . These alterations in waking quality occurred simultaneously with a higher delta synchrony during NREM sleep, which was more prominent when sleep need is at its highest, especially after SD. This overall phenotype (i.e., increased NREM sleep, shorter wakebout duration, higher delta response to SD) is similar to what has been observed in AK mice in comparison with other strains (28, 47) and might thus indicate a steeper buildup of sleep pressure during wakefulness in Nlg1 KO mice as reported for AK mice (28) . Even if we cannot exclude, at this point, a developmental defect in arousal systems in the full-KO studied here, these data strongly suggest that NLG1 is required to maintain wakefulness quality and normal synchrony of cerebral cortex activity during wakefulness and sleep. This is likely triggered by the ability of NLG1 to tune NMDAR function (21) (22) (23) (24) , which is also supported by our observation of reduced hemodynamic response to neuronal activation in Nlg1 KO, a response involving NMDAR (39) .
In sum, we identify NLG1 as a part of a molecular pathway underlying the capacity of the brain to sustain the desynchronized alert state and to respond to its environment. Because autism spectrum disorder was repeatedly linked to mutation in elements of the NRX-NLG system (50), our findings also suggest that dysfunctions in NLG1 or in other NRX-NLG elements could directly mediate the severe sleep alterations observed in autistic patients (51) .
Materials and Methods
Detailed methodology is provided in SI Materials and Methods.
Animals. Male mice used in this study were from four genetic backgrounds: C57BL/6J (B6), AKR/J (AK), DBA/2J (D2), and B6;129-Nlgn1 tm1Bros /J (B6;129). Mice were purchased from Jackson Laboratories and studied directly [quantitative PCR (qPCR), Western blot] or after being bred on site (EEG, qPCR, ChIP). Mice were maintained under standard housing conditions (free access to food and water, 12h-light/12h-dark cycle, 22-25°C ambient temperature) for 2 wk, and then studied under the same conditions between 8 and 16 wk of age. Mice used for qPCR were the same as those used in refs. 52 (Fig. 1B), 9 (Fig. 1C), and 37 (Fig. 4A) . Mice used for ChIP (Fig. 4 C and D) were from ref. 41 qPCR and Western Blotting. RNA extraction, reverse transcription, and qPCR experiments and analysis were performed as detailed before (9, 35, 52) . Primer and probe sequences are provided in Table S1 . Protein extractions were done similarly as previously described (53) , and extracts were revealed on nitrocellulose membranes using the following antibodies: anti-NLG1 (Synaptic System), mouse anti-Actin (Sigma-Aldrich), and HRP-conjugated donkey antimouse (Santa Cruz Biotechnology).
EEG/Electromyography Recording and Analyses. KO mice for the Nlg1 gene (mouse line B6;129-Nlgn1 tm1Bros /J) and their WT littermates were implanted with EEG and electromyography (EMG) electrodes as detailed previously (9, 38) . EEG/EMG was recorded continuously for 48 h starting at light onset during 24 h of undisturbed [baseline (BL)] conditions and during a 6-h SD and 18 h of recovery. Behavioral state duration was averaged for different intervals. The EEG of artifact-free epochs was subjected to spectral analysis to calculate power density between 0.5 and 20 Hz for the BL recording and delta power (1-4 Hz) during NREM sleep.
ChIP. Chromatin extraction and immunoprecipitation were performed as previously described (41) . Anti-BMAL1 used was from Abcam, and anti-CLOCK was from Abcam or Santa Cruz Biotechnology. The amplicon targeted the CACGTG sequence located at position −653:−658 of the Nlg1 gene.
